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Abstract
The activities of hormones in the Arabidopsis root depend on cellular context and exhibit either synergistic or antagonistic interactions. Patterning in Arabidopsis root development is coordinated via a localized auxin concentration maximum in the root tip, mediating transcription of key regulatory genes. Auxin concentration and response are each regulated by diverse interacting hormones and gene expression and therefore cannot change independently of those hormones and genes. For example, experimental data accumulated over many years have shown that both ethylene and cytokinin regulate auxin concentration and response. Using the crosstalk of auxinethylene-cytokinin as a paradigm, we discuss the links between experimental data, reaction kinetics and spatiotemporal modelling to dissect hormonal crosstalk. In particular, we discuss how kinetic equations for modelling auxin concentration are formulated based on experimental data and also the underlying assumptions for deriving those kinetic equations. Furthermore, we show that, by integrating kinetic equations with spatial root structure, modelling of spatiotemporal hormonal crosstalk is a powerful tool for analysing and predicting the roles of multiple hormone interactions in auxin patterning. Finally, we summarise important considerations in developing a spatiotemporal hormonal crosstalk model for plant root development.
TEXT
Patterning in Arabidopsis root development is coordinated through a localized auxin concentration maximum in the root tip. 1 Auxin concentration is regulated by diverse interacting hormones and their effects on gene expression.
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This interaction means each cannot change independently of the various crosstalk components in space and time. Important questions for understanding hormonal crosstalk in root development include how hormone concentrations and expression of 3 the associated regulatory and target genes are mutually related; and how patterning of both hormones and gene expression emerges under the action of hormonal crosstalk. Here we discuss how appropriate kinetics for auxin biosynthesis, degradation and transport can be derived following thermodynamic and kinetic principles. Using the crosstalk between auxin-ethylenecytokinin as an example, we further consider the links between the experimental data, reaction kinetics and implications for spatiotemporal modelling of hormonal crosstalk.
Kinetics of auxin biosynthesis and degradation
In the absence of transport, equation 1a is the simplest equation to describe the change in auxin 
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In Arabidopsis root development, auxin concentration is regulated in part by other hormones influencing its steady state levels. 3, [6] [7] [8] [9] For example, experimental data show that exogenous application of cytokinin may reduce the endogenous auxin concentration. 6 It can therefore be considered that cytokinin has roles in the negative regulation of auxin biosynthesis, or positive regulation of auxin degradation or both. Moreover, experimental data also show that genes involved in auxin metabolism are differentially expressed in response to altered cytokinin levels and/or responsiveness in Arabidopsis. 
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An alternative way to realise a negative regulation of auxin concentration by cytokinin is to assume that auxin degradation rate is positively regulated by cytokinin at transcriptional level. This case also results in an overall negative regulation of auxin concentration by cytokinin.
In addition, several hormones in the Arabidopsis root may regulate auxin concentration synergistically or antagonistically. 3, 9 For example, auxin biosynthesis can be stimulated by ethylene and inhibited by cytokinins. [6] [7] [8] 16 Based on the principle discussed above, a positive regulation of auxin concentration by ethylene can also be derived. Moreover, previous research also deduces that the POLARIS (PLS) gene 17, 18 is also required for the correct regulation of auxin concentration. 19 Thus, in the context of auxin-ethylene-cytokinin crosstalk, cytokinin, PLSp k
Following our discussion above, all parameters in equations 4a and 4b have biological significance since equation 4a can be derived based on hypothesised regulatory mechanism(s) at a transcriptional level.
For auxin concentration regulation, another level of complexity is that other hormones such as cytokinin and ethylene may also indirectly regulate auxin concentration at the level of metabolic conversion, in addition to their regulation at the level of gene expression. For example, cytokinin-related transcriptional regulation may change the concentration of some metabolites that can be the effectors of auxin metabolism. For this case, kinetic equations can also be derived following thermodynamic and kinetic principles.
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In summary, auxin biosynthesis and degradation can be regulated by ethylene and cytokinin at both transcriptional and metabolic levels. The formulation of appropriate kinetic equations needs to follow thermodynamic and kinetic principles.
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Kinetics of auxin transport
In the cytosol, auxin is assumed to be transported by diffusion. However, auxin transport between the cytosol and the cell wall is facilitated by AUX1/LAX influx carriers, 21 and PIN and ABCB auxin efflux carriers located at the plasma membrane. 22, 23 Whilst the kinetics of auxin diffusion transport is well established, the kinetics for PIN-or AUX1-facilitated auxin transport can also be derived, as shown previously.
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From kinetics to auxin patterning in the context of auxin-ethylene-cytokinin crosstalk
Auxin concentration in the Arabidopsis root is regulated by a hormonal crosstalk network, 19, 20, 24 consisting of interacting gene expression, signal transduction and metabolic conversions. Since the kinetics of each process in the hormonal crosstalk network and the kinetics of auxin transport can be derived, auxin concentrations in the Arabidopsis root can be calculated. Figures 1 and 2 summarise some key results for a computed auxin concentration using our spatiotemporal hormonal crosstalk model.
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--- Figures 1 and 2 here--- Figure 1 shows that the modelled auxin concentration can be used to analyse the spatial distribution of auxin at any level of spatial detail, and Figure 2 shows that it can also be used to analyse trends in auxin concentration in different cell types or tissues. Since auxin concentration can be computed spatiotemporally in the Arabidopsis root, modelling of spatiotemporal 9 hormonal crosstalk is a powerful tool for explaining or interrogating auxin experimental data 19, 20, 24 and for analysing and predicting the functions of multiple hormone interactions important for auxin patterning. 20 In general, the appropriate development of a spatiotemporal hormonal crosstalk model requires careful consideration of the following questions: What regulatory relationships among hormones and the associated genes can be derived from experimental data? What kinetic equations can be formulated following thermodynamic and kinetic principles? What level of detail in the spatial root structure is required to be included in the model? What transport kinetics for all hormonal crosstalk components should be formulated? What are the roles of growth in hormonal crosstalk? 25 How can we parameterise a hormonal crosstalk model? 26, 27 The modelling approach with careful consideration of the above questions is likely to prove powerful for dissecting complex regulatory pathways in a range of cell signalling problems. 20, 28, 29 Figure Legends The modelled spatial distribution of auxin in a simplified root map, 20 showing that the auxin maximum is established in the region of the Quiescent Centre (QC). Expanded views in the QC region and the elongation zone show that auxin spatial distribution can be examined at any level 13 of spatial detail using the spatiotemporal hormonal crosstalk model described recently. 
